We investigate the form and time course of motion adaptation, comparing the psychophysical performance of human subjects with existing electrophysiological data on insect vision. In the H1 neuron of the fly, the response to a maintained motion stimulus is known to decrease over time while sensitivity to variations in speed around the maintained level increases [1]. This behaviour can be modelled by modifying a correlationbased motion detector to include adaptable temporal filters (Fig. 1) [2] . We find that the form and time course of sensitivity changes in human motion perception are comparable to fly vision. We propose that, in both cases, adaptation serves to improve the transmission of novel motion information along the visual pathways at the expense of maintaining an accurate representation of the unchanging components of the stimulus. 
Results
To measure the effect of perceived speed on adaptation duration, subjects carried out a two alternative forced choice (2AFC) discrimination between the speeds of a maintained sinusoidal grating and short bursts of a comparison stimulus. Figure 2a shows the perceived speed as a function of adaptation duration. For all three observers, perceived speed decreased over time to a level around 75-80 % of its unadapted value. For each observer, an exponential curve was found to fit the data well, with a half-life of the order of 3 seconds for a stimulus speed of 8.33 degrees per second. This compares with half-lives of 1-2 seconds in the decay of the response of H1 recorded by Maddess and Laughlin [1] using stimuli moving at around 50 degrees per second. Both the adaptation of perceived speed in humans and the adaptation in the response of H1 in flies are well described by an exponential decay to a steady level.
To measure sensitivity to velocity modulation as a function of adaptation duration, a yes-no detection task was used. Figure 2b -d shows the sensitivity to a sinusoidal modulation of velocity as a function of adaptation duration for each of the three observers (CC, KL and CB). For each observer, data were plotted for two different depths of Responses of (a) H1 (redrawn from [1] ), and (b) the adaptive Reichardt detector model, to grating stimuli moving at constant velocity except for regular bursts of slower motion. (c) Schematic diagram of the adaptive Reichardt detector model. Each detector consists of two subunits tuned to opposite directions of motion [11] . The output of each receptor may be thought of as analogous to the correlation of two spatially and temporally displaced samples of the image. The response of the motion detector is the difference of the outputs of its two subunits, the sign of the detector response indicating the direction of motion. The locally integrated response of a one-dimensional array of detectors is fed back to adapt the delay filters according to a simple dynamic equation:
where (t) is the filter delay, 0 is the unadapted delay, R(t) is the response, is the adaption rate and is a parameter controlling the amount of leakage or damping. The filter delay tends to decrease with increasing response magnitude at a rate proportional to the existing delay, but this decrease is moderated by a tendency for the duration of the delay to remain close to its unadapted value. velocity modulation, where modulation depth is defined as the peak magnitude of the velocity change to be detected divided by the baseline velocity of the adapting stimulus. In all cases, sensitivity to modulations around the baseline velocity was found to increase with adaptation duration. These results are in qualitative agreement with the finding of Maddess and Laughlin [1] -that adaptation improves relative motion sensitivity.
Discussion
The response to motion, both of a human psychophysical observer and of the H1 neuron of the fly, is affected by stimulus history. Both perceived speed and spike rate decay over time in response to a maintained stimulus, while increased sensitivity to small perturbations in speed is shown [1] . We suggest that motion analysis is an active process involving the adaptation of elementary motion detectors through exposure to moving stimuli [1, 3] . We cannot be sure whether the difference in the time course of adaptation reflects different temporal properties of human and insect visual systems, or is simply due to the difference in stimulus speeds used. This is because speeds of the order of 50 degrees per second are too high to carry out a reliable psychophysical speed discrimination task. To clarify this issue would require a replication of the experiments of Maddess and Laughlin [1] , but at slower speeds.
A possible function of motion adaptation is to work towards a robust and efficient transmission of motion information. The constraints on neural information transmission are that signals must be passed through channels of limited bandwidth subject to transmission errors [4] [5] [6] . These limitations are analogous to those faced in telecommunications applications where it is often advantageous to code signals adaptively so that the best compromise between maximising effective bandwidth and minimising the effects of transmission errors can be reached.
Here, we model motion adaptation using an adaptive Reichardt detector (Fig. 1c) [2] . The adaptive dynamics of the model can be shown to be approximated in discrete time by a 'leaky' update equation. Under such a leaky signal coding scheme, a proportion of the original signal is transmitted in addition to the difference information that would be transmitted following unbiased differential coding. The transmission of some redundant information causes the effect of transmission errors to decay over time, at the cost of sub-optimal performance in noiseless situations [7] . In this way, adaptation sacrifices absolute sensitivity to motion for transmission of information about differences and higher-order properties of the motion signal. It should be noted that, while we have implemented an adaptive Reichardt detector model here, possible realizations of leaky coding algorithms are not restricted to the Reichardt framework.
Conclusions
We find striking similarities in the form and time course of motion adaptation in flies and humans. This suggests that, in both cases, adaptation supports the efficient transmission of motion information. The form of adaptation common to humans and flies in the motion domain is also apparent in the domain of spatial contrast [6, 8] , in mammalian motion vision [9] , and in the human optokinetic nystagmus [10] , suggesting that adaptive coding strategies have wide applicability in biological vision systems.
